Abstract: An electrically tunable bandpass filter based on two photonic crystal fibers filled with different liquid crystals is demonstrated. Both the short-wavelength and long-wavelength edge are tuned individually or simultaneously with the response time in milliseconds.
Introduction
Photonic crystal fibers (PCFs) have attracted significant interest in the past decade due to their unique optical properties and high degree of design freedom [1] . Infiltrating the air holes with liquid crystals (LCs) can convert an initial index-guiding solid-core PCF to a bandgap-guiding PCF. Optical properties of liquid crystal filled photonic bandgap (LCPBG) fibers can be tuned thermally [2] , electrically [3] [4] [5] [6] and optically [7] . All-in-fiber devices based on LCPBG fibers have been demonstrated for switching [3, 8] , filtering [2, 4] , or controlling the polarization [4, 5] . The fabricated devices have also been applied in filtering the amplified spontaneous emission (ASE) noise in optical communication systems [9] and realizing true-time delay in microwave photonic systems [10] .
Optical bandpass filters are extensively used as key components in fiber-optic communications, fiber-optic sensing, and Optical Coherence Tomography (OCT). The tunability of the bandwidth represents a degree of freedom well desired in these applications. An all-in-fiber tunable bandpass filter has been investigated by applying a thermal gradient to a PCF filled with a high index fluid [11] . Here, we experimentally demonstrate an electrically tunable bandpass filter based on two solid-core PCFs infiltrated with different LCs in a double silicon v-groove assembly. The tunability of bandwidth is achieved by individually of simultaneously controlling the driving voltage of each LCPBG fiber with the response time in the millisecond range. When two solid-core PCFs with different dimensions are infiltrated with different LCs, the resulting transmission spectrum is the overlap of two different spectra of each LCPBG fiber. When the driving voltage of each LCPBG fiber is changed, the bandgap related to that LC shifts and the overlap is narrowed or enlarged depending on the direction of the bandgap shift.
Device and experiments
The fibers used in the experiments are large mode area PCFs (NKT Photonics A/S, Denmark), with a solid core surrounded by 5 rings of air holes arranged in a triangular lattice. By using capillary forces, LC MLC-6884 (Merck, Germany, n o =1.48, n e =1.57 at 589nm) is infiltrated for 10mm in PCF1 with the hole diameter and inter-hole distance of 5.51µm and 9.57µm, LC MDA-00-3969 (Merck, Germany, n o =1.50, n e =1.72 at 589nm) is infiltrated for 10mm in PCF2 with the hole diameter and inter-hole distance of 6.02µm and 9.69µm. The two end-facets are butt-coupled, as Fig. 1 , and then mounted in a v-groove fabricated on silicon substrate by UV lithography and KOH wet etching. Two single mode fiber (SMF) pigtails are fixed in the groove at each end of the LCPBG fibers for coupling in and out of the device. The Au electrodes are deposited on the side walls of the groove, forming one pair of electrodes. In order to ensure a high fiber coupling efficiency, SU-8 fiber fixing structures are built up on the electrodes [12] . The height of each SU-8 structure is 80µm and the distance between two neighbouring structures is 126µm, taking the small variation of the fiber outer diameter into account. A top lid containing a v-groove with two separated pairs of electrodes is placed on top of the fibers and fixes the fibers in the grooves. The assembly is sealed with epoxy. The device is driven by 1 kHz sine wave.
A supercontinuum source (NKT Photonics A/S, Denmark) is used and the transmission spectrum is measured with an optical spectrum analyzer and normalized to the transmission spectrum without inserting the device. Figure  2(a) shows the transmission spectra of individual LCPBG fiber. The temperature is fixed at 25°C. No voltage is applied on MDA-00-3969 filled PCF2, while 90Vrms is applied to MLC-6884 filled PCF1. The yellow region is the overlap of two spectra in the wavelength range of 1520-1680nm. When the driving voltage increases, the longwavelength edge of MLC-6884 filled PCF1 is shifted towards shorter wavelengths while the short-wavelength edge of MDA-00-3969 filled PCF2 in the overlapped region is shifted to longer wavelengths. Therefore, both the shortwavelength and long-wavelength edge of the formed filter can be tuned individually or simultaneously, which allows the fabrication of bandpass filters with a continuously tunable bandwidth. Figure 2(b) shows the transmission spectra of the device when the driving voltage of MLC-6884 filled PCF1 changes and no voltage is applied to MDA-00-3969 filled PCF2. The long-wavelength edge of this filter is shifted towards shorter wavelengths by increasing the voltage, while the short-wavelength edge is kept. During the tuning process, the tunability of 3dB-bandwidth is 36nm, when the driving voltage varies from 90Vrms to 120Vrms. The total insertion loss of this device is 4.7dB at the central wavelength of 1595nm of the filter, which is mainly contributed by the coupling loss from different interfaces in the device (air:MLC-6884, MLC-6884:MDA-00-3969, MDA-00-3969:air), the scattering loss of LCs and a slight misalignment of SMFs and PCFs due to the small variations in the fiber outer diameter. Figure 2(c) shows the transmission spectra of the device when the driving a1518_1.pdf OSA / OFC/NFOEC 2010 voltage of MDA-00-3969 filled PCF2 changes and 90Vrms is applied to MLC-6884 filled PCF1. The shortwavelength edge is shifted towards longer wavelengths by increasing the voltage, while the long-wavelength edge is kept. The tunability of 3dB-bandwidth is 12nm, when the driving voltage varies from 90Vrms to 120Vrms. When the driving voltages of two LCPBG fibers are changed simultaneously, both the short-and long-wavelength edge can be shifted. The 3dB-bandwidth changes from 95nm to 48nm, when the driving voltage varies from 90Vrms to 120Vrms.
The response time of this device is also investigated. When the driving voltage is on, there is a low transmission on the edges of the filter, while high transmission is found when the driving voltage is off. Therefore, switching is performed by amplitude modulating the 1 kHz sine driving voltage by a 50% duty-cycle 5 Hz square envelope. A photodiode is used to detect the intensity of the light at the output of the device and an oscilloscope displays the photodiode voltage. The rise and decay time t ON and t OFF are measured from 90% to 10% and from 10% to 90% amplitude modulation, respectively. The chosen wavelength for MDA-00-3969 filled PCF2 is 1548nm and for MLC-6884 filled PCF1 is 1620nm, which is done in order to have the maximum sensitivity to the shift caused by an applied electric field. Figure 3 shows the response time as a function of the driving voltage. t OFF for MDA-00-3969 filled PCF2 converges towards 18.6ms and for MLC-6884 filled PCF1 converges towards 15.1ms, which are weakly dependent on the driving voltage. t ON for MDA-00-3969 filled PCF2 is from 4.3ms to 2.5ms and or MLC-6884 filled PCF1 is from 2.9ms to 1.8ms, which are determined by a balance between the dielectric torque and the viscous torque working against any reorientation. 
Conclusions
We have demonstrated a continuously tunable bandpass filter based on two solid-core PCFs infiltrated with different LCs in a double silicon v-groove assembly. Compared to single LC filling, this device offers more flexible bandwidth tunability. Considering the large number of available electrical tunable LCs and the high degree of freedom in PCF design, this compact LCPBG fiber device based on multiple LCs is a promising candidate for a variety of applications, where the bandwidth tunability would allow for further optimization.
